We examined a 38-year-old male with syringohydromyelia and concomitant symptoms suggestive of intracranial hypertension including unilateral lowfrequency sensorineural hearing loss and objective pulsatile tinnitus. The tinnitus was heard by the authors (through a hearing aid stethoscope tube), measured objectively (with a probe microphone), measured subjectively (as minimum masking levels and with fixed frequency Bekesy), and altered by changes in ear canal pressure (subjectively reported and measured objectively with a probe microphone). The audiologic symptoms were likely associated with elevated cerebrospinal fluid pressure that traveled to the cochlea through the cochlear aqueduct. The tinnitus may have originated from pulsations of central vascular structures that traveled through the cochlear aqueduct or the endolymphatic duct. Hearing loss likely resulted from tinnitus masking or a stiffening of the cochlear partition or stapes footplate.
LITERATURE REVIEW
S yringomyelia, or syringohydromyelia, occurs rarely (8.4 per 100,000; Schliep, 1978) and involves the formation of a syrinx (cavity) in the spinal column (Buettner and Caplan, 1996; Saremi, 2003) . More specifically, syringomyelia is the accumulation of cerebrospinal fluid in a syrinx causing distention of the central canal of the spinal cord, and syringohydromyelia indicates communication with the subarachnoid space (Buettner and Caplan, 1996) or dissection of surrounding white matter (Saremi, 2003) . Syringohydromyelia can be caused by trauma, tumor, arachnoiditis, subarachnoid hemorrhages, meningitis, Chiari malformations, or multiple sclerosis (Park et al 1989; Saremi, 2003; Padmanabhan et al, 2005) . Maldevelopment leading to Chiari malformation accounts for approximately 80% of cases (Buettner and Caplan, 1996) . The definitive test for syringohydromyelia is magnetic resonance imaging, and treatment depends on the cause, duration, and severity of symptoms. Surgical treatment options include decompression or shunting to relieve cerebrospinal fluid pressure (Buettner and Caplan, 1996) .
Syringohydromyelia has been associated with intracranial hypertension and abnormal cerebrospinal fluid flow (Buettner and Caplan, 1996; Mazzola and Fried, 2003; Saremi, 2003; Owler et al, 2004) . Symptoms of intracranial hypertension, also called pseudotumor ceribri, benign intracranial hypertension, and idiopathic intracranial hypertension (Digre and Corbett, 2001; Digre, 2003) , include objective whooshing pulsatile tinnitus, unilateral low-frequency hearing loss, headache, retroocular pain, diplopia, vision impairment, and neck and back pain (Sismanis, 1987; Orcutt, 1988; Round and Keane, 1988; Giuseffi et al, 1991; Wall and George, 1991; Chiu et al, 1998; Celebisoy et al, 2002; Digre, 2003; Rudnick and Sismanis, 2005) . Objective pulsatile tinnitus and low-frequency hearing loss can be the major or only symptoms of intracranial hypertension (Sismanis, 1987) .
Intracranial hypertension is the most common cause of objective pulsatile tinnitus, especially when vascular disorders such as carotid artery abnormalities, atherosclerosis, and glomus tumors have been ruled out (Sismanis and Smoker, 1994; Sismanis, 1998a; Sismanis, 1998b) . Tinnitus might originate from vascular pulsations of the walls of the dural sinuses (Rudnick and Sismanis, 2005) transmitted to the cochlea though the cochlear aqueduct (Rudnick and Sismanis, 2005) or the endolymphatic duct (Fishman, 1992) . Hearing loss might result from either tinnitus masking (Weider et al, 1990; Sismanis, 1998b; Rudnick and Sismanis, 2005) or by stiffening of the cochlear partition or stapes footplate caused by elevated fluid pressure (Sismanis, 1987) that reaches the cochlea through the cochlear aqueduct (Marchbanks et al, 1990) . Diagnosis of intracranial hypertension is made by lumbar puncture (Sismanis, 1998b) . The lumbar puncture can also relieve cerebrospinal fluid pressure and thus serve as treatment. Other treatments include shunting, drug therapy with diuretics and steroids, and weight loss (Wullner and Corbett, 1996) . Doxycyclines, drugs used to treat malaria and acne, have also been associated with intracranial hypertension (Monaco et al, 1978; Stuart and Litt, 1978; Walter and Gubbay, 1981; Lander 1989; Gardner et al, 1995; Goulden et al, 1996; Chiu et al, 1998; Nagarajan and Lam, 2000; Weese-Mayer et al 2001; Digre, 2003) . The mechanism for doxycycline-induced intracranial hypertension could be interference with cerebrospinal fluid absorption at the arachnoid granulations (Chiu et al, 1998; Arjona et al, 2003) . Symptom onset of doxycycline-induced intracranial hypertension is typically two weeks to six months post-treatment initiation (Klasco, 2006) .
PATIENT HISTORY
A 38-year-old obese male was referred to the tinnitus clinic at the West Palm Beach Veterans Affairs Medical Center for evaluation of his pulsatile tinnitus. This patient reported childhood head traumas including a right facial fracture at age 16 years and a head injury with loss of consciousness at age 12 or 13 years. He served in the military but denied significant military noise exposures. He also denied any history of hearing loss or tinnitus prior to the symptoms that are the topic of this paper. Vascular disorders such as carotid artery abnormalities, atherosclerosis, and glomus tumor were ruled out after extensive examinations and imaging. His history is summarized below.
His first suspicious symptom was right retroocular pain reported to his ophthalmologist in 2000. Headaches and right retroocular pain were reported several times subsequently at emergency room visits and appointments with his primary care physician and neurologist. In 2001 he complained to his neurologist of acute right retroocular pain with light flashes and photophobia. His neurologist's diagnosis was migraine headaches.
In 2003 the patient was prescribed tetracycline (a doxycycline) for acne, a prescription he filled twice. Approximately one month later he reported more frequent headaches to his neurologist. In 2004 he reported headache, neck pain, and right arm numbness to his primary care physician. His primary care physician ordered magnetic resonance imaging in 2005. His radiologist identified a small syrinx 1.6 millimeters in diameter at the conus medullaris consistent with syringohydromyelia. His neurologist opined that the syrinx was a variant of normal. The definitive test for intracranial hypertension, lumbar puncture, was not conducted.
Later in 2005 tetracycline was again prescribed for acne, and the prescription was filled once. Approximately three months later, he reported diplopia to his ophthalmologist who diagnosed binocular diplopia of unknown etiology. He reported right aural fullness to his primary care physician and he was referred to the otology clinic where he also reported right pulsatile tinnitus. A magnetic resonance angiogram was ordered to investigate the pulsatile tinnitus. The findings were essentially normal, with a mildly tortuous basilar artery and a variation of normal circulation in the circle of Willis, both on the right side. At a neurology follow-up in 2006, he again reported diplopia and pulsatile tinnitus.
The patient, at the request of his otologist, was seen in the Audiology Department's tinnitus clinic. He complained of right pulsatile whooshing tinnitus that was less intense with his right ear plugged. He was seen three times in a two-week period, and all testing was done in an audiologic testing booth. The following are the essential findings:
1. Physical examination. The patient's ear canals were clear, and his tympanic membranes appeared normal. His pulsatile tinnitus was identified as objective tinnitus using a hearing aid stethoscope tube inserted into the right ear canal. The authors heard tinnitus pulsing at a rate consistent with the carotid pulse rate. The tinnitus could not be heard through the skull around the pinna using an amplifying stethoscope. 2. Audiometrics. A right ear lowfrequency sensorineural hearing sensitivity loss was documented (Table  1 , Figure 1 ). 3. Tympanograms. Tympanograms showed right middle ear static compliance greater than left middle ear static compliance (3.4 ml for the right ear and 1.2 ml for the left ear).
The right middle ear resonance of 600 Hz was lower than the left middle ear resonance of 1000 Hz. These asymmetric findings were not explained by history. 4. Probe microphone measures. Noise levels in each ear canal were measured in 1/3-octave bands using an Audioscan Verifit analyzer with the tip of the probe microphone tube inserted 33 ml past the tragal notch. The measures were made with the ears open and with the ears plugged (with a foam audiometric insert earphone and with silicone impression material) to investigate the patient's report that tinnitus was softer with the right ear plugged. The noise levels measured in the right ear canal are shown in Figure  2 , and the noise levels measured in the left ear canal are shown in Figure 3 . The numerical data is given in Table  2 . Noise intensity was greater in the right ear canal where tinnitus is heard. Noise intensity was greater with the ears plugged, which was not consistent with the patient's perception. Also, the authors noted 3-5 dB intensity fluctuations that corresponded to the pulsatile tinnitus. 5. Fixed frequency Bekesy. Tinnitus loudness measures are routinely made with tinnitus patients (Henry and Zaugg, 2005) . We used fixed frequency Bekesy, a nontraditional method, to match tinnitus loudness. The comparison tone was a 1000 Hz continuous tone presented to the left (nontinnitus) ear for one minute. The patient used a handheld button to keep the loudness of the tone equal to the loudness of his tinnitus. The results are shown in Figure 4 . The bottom-most tracings were with the right ear canal open, and as shown, the subjective loudness matches roughly ranged from 50 to 55 dB HL (57 to 62 dB SPL). With his right ear plugged with silicone impression material (uppermost traces in Figure 3 ), his loudness matches were generally 5-10 dB better. The loudness matches were in rough agreement with the patient's hearing loss (Table 1 ) and the lowfrequency portion of the 1/3-octave probe microphone noise measures given in Table 2 . It should be noted that Bekesy test-retest differences can be seen. This could reflect practice effect or test-retest variability inherent with fixed frequency Bekesy tinnitus loudness matching. 6. Minimum masking levels. Minimum masking levels were measured using white noise. The white noise was presented through an insert earphone to the right ear, and minimum masking levels were measured using an ascending procedure (Henry and Zaugg, 2005) . The minimum masking levels (Table 3) roughly agreed with the patient's hearing loss (Table 1) and the right ear probe microphone measures (Table 2 ). 
Loudness judgments with right ear
canal pressure changes. This patient's report of reduced tinnitus loudness with earplug use warranted further evaluation. Typically, tinnitus becomes louder when the ear is plugged because the sound is trapped in the ear. We suspected that earplug insertion might have forced pressure changes at the tympanic membrane that inhibited the pulsatile tinnitus. We therefore asked the patient to judge tinnitus loudness while right ear canal pressure was controlled using a Grason Stadler 33 tympanometer with the probe tone tube disconnected and plugged. The authors are not aware that this procedure has ever been conducted, and we arbitrarily chose pressures within the range typically used during tympanometry. The pressure was changed in 100 daPa steps from positive 200 daPa to negative 300 daPa, and the patient was asked to indicate whether tinnitus loudness changed with each pressure change. Tinnitus loudness decreased with negative ear canal pressure (Table 4 ). 8. Probe microphone measures with ear canal pressure changes. Probe microphone measures were made in the right ear as described above but with the probe microphone in place. Adhesive clay of the type typically used in hearing aid test boxes was used to help seal the ear around the tympanometry probe and probe microphone. The authors are not aware that this procedure has ever been conducted, and we arbitrarily chose pressures within the range typically used during tympanometry. Only three pressures were tested because of the difficulty maintaining a hermetic seal. The tinnitus noise levels in the right ear canal were lowest with negative pressure (Table  5 , Figure 5 ) consistent with the subjective judgments (Table 4) .
DISCUSSION
O ur patient had unilateral objective pulsatile tinnitus that was heard by the authors (through a hearing aid stethoscope tube), measured objectively (with a probe microphone), measured subjectively (as minimum masking levels and with fixed frequency Bekesy), and altered by changes in ear canal pressure (subjectively reported and measured objectively using a probe microphone). He also had unilateral hearing loss. We concluded the following based on our observations and data: First, the noise measured in the right ear canal was the tinnitus heard by the patient. This we conclude because the noise intensity measures and fluctuations in the right ear canal were similar to the tinnitus loudness measures and the fluctuations the authors and patient heard in that ear. Second, the noise (tinnitus) could have masked right ear low-frequency hearing. This we conclude because the noise (tinnitus) intensity and frequency composition measured in the right ear canal was similar to the degree and configuration of the low-frequency hearing loss. The etiology of this patient's objective pulsatile tinnitus and hearing loss remains undiagnosed; his physicians reported only the symptoms. Vascular disorders such as carotid artery abnormalities, atherosclerosis, and glomus tumors were ruled out after extensive examinations and imaging. Intracranial hypertension is the most common cause of objective pulsatile tinnitus for such patients (Sismanis and Smoker, 1994; Sismanis, 1998a; Sismanis, 1998b) . His radiologist identified syringohydromyelia, and this patient was therefore at risk for intracranial hypertension (Buettner and Caplan, 1996; Mazzola and Fried, 2003; Seremi et al, 2003; Owler et al, 2004) . The apparent tetracycline exacerbation of this patient's symptoms is also suspicious (Stuart and Litt, 1978; Walter and Gubbay, 1981; Gardner et al, 1995; Nagarajan and Lam, 2000) , as is his obesity (Sismanis, 1998a; Rudnick and Sismanis, 2005) . However, the patient's neurologist opined that the syrinx (syringohydromyelia) was a variant of normal and did not order the definitive test for intracranial hypertension, lumbar puncture. Finally, the patient's primary care physician reviewed his history and imaging and determined that follow-up was needed. Followup plans were not made because of the patient's plan to move out of the state. We suspect, as suggested in the literature, that this patient's tinnitus might have originated as central vascular pulsations from the walls of the dural sinuses (Rudnick and Sismanis, 2005) and in turn traveled through the cochlear aqueduct (Rudnick and Sismanis, 2005) or endolymphatic duct (Fishman, 1992) to the cochlea, middle ear, and ear canal. According to this scenario, his hearing loss might have been caused by tinnitus masking as discussed above (Weider et al, 1990; Sismanis, 1998b; Rudnick and Sismanis, 2005) or elevated fluid pressure within the cochlea that stiffened the cochlear partition or stapes footplate (Sismanis, 1987) . Therefore, cochlear hair cells were likely intact, and restoration of this patient's hearing and elimination of his tinnitus appears possible through medical treatment or by spontaneous recovery (Weider et al, 1990 , Sismanis, 1998b ).
An alternative possibility is that elevated cochlear fluid pressure oriented the apex of the cochlear partition downward because of the stiffness differential between the oval and round cochlear windows. Such a downward orientation could inhibit cochlear hair cell functioning (Davis, 1958) causing the low-frequency hearing loss. In this scenario, the tinnitus origin could be central vascular structures or a tortuous blood vessel in the disoriented cochlear partition (Sismanis, 1998a) . This hypothesis was supported by the reduction in tinnitus noise levels and tinnitus loudness that was induced by negative ear canal pressures. Negative ear canal pressure could have pulled middle ear structures and the oval window outward and the cochlear partition upward to a more normal position. However, this is contradicted by the finding that positive pressures also reduced the noise levels, albeit by a lesser amount that the patient could not detect. Perhaps, instead, changes in ear canal pressure reduced noise (tinnitus) levels by stiffening the middle ear and raising its resonance. One of the more puzzling findings, decreased tinnitus loudness with the right ear plugged, might also be explained by resonance changes. The insertion of an earplug would shorten the ear canal and raise ear canal resonance. Middle ear resonance might also be raised by the compression of the air mass stiffening the tympanic membrane. The higher resonance might inhibit the lowfrequency pulsations.
It is unclear why this patient had symptoms only in his right ear. It is interesting that his mildly tortuous basilar artery and abnormal circle of Willis blood flow were on the right side, but it is not known whether the tinnitus could have originated at either of these sites. There might also be unknown anatomic variations such as a larger right cochlear aqueduct or endolymphatic duct that served as a more effective pathway for the pulsations on the right side rather then the left side. Pulsations on the right side might also have been enhanced in the right middle ear because of its low resonant frequency.
CLINICAL IMPLICATIONS
O bjective pulsatile tinnitus and lowfrequency hearing loss can be the major or only symptoms of intracranial hypertension (Sismanis, 1987) . Audiologists should therefore be aware of the symptoms and be prepared with an otology or neurology referral source. An audiologic test protocol need not be as elaborate as the one we conducted. Identification of pulsatile tinnitus alone is sufficient to warrant referral, and this can be accomplished by listening through a hearing aid stethoscope tube inserted into the ear canal and quantified with open ear probe microphone measurements.
FUTURE RESEARCH
W e evaluated our patient's objective pulsatile tinnitus with unconventional procedures. First, we measured tinnitus loudness using fixed frequency Bekesy. Researchers may wish to evaluate the utility, reliability, and validity of tinnitus loudness judgments obtained with this procedure. Finally, we obtained subjective and objective measures of tinnitus loudness and intensity while inducing pressure changes in the ear canal. Both loudness and intensity changed with ear canal pressure, and the authors proposed possible explanations including changes in middle ear resonance and basilar membrane orientation. Researchers could explore these possibilities.
